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Conductance steps for atomic point contacts of Au, Ni, and Pt have been measured. Jump-to-contact and
jump-to-tunnel processes have been identified and their conductances measured. Differences between conduc-
tance steps for noble and transition metals are interpreted as being due to thed orbitals that, in transition
metals, provide new channels to the electron conductance. This interpretation is supported by a theoretical
analysis, which shows good agreement with the experimental data.@S0163-1829~96!03323-1#

I. INTRODUCTION

Conductance experiments in atomic dimension contacts
between metallic electrodes have been made recently using
two different techniques: mechanically controllable break
junctions1,2 and scanning tunneling microscopy~STM!.3–6

Reports on different metals, at both liquid helium1–3 and
room temperature,4–6 have been published. From those ex-
periments, people have been able to measure the change in
conductance due to the jump to contact~JC! during the con-
trolled approach of the electrodes. Also the inverse process,
i.e., the jump to tunnel~JT! when the tip and sample lose
their physical contact, can be observed in the conductance
measurements.

There exists evidence from experiments1,3 and molecular
dynamics calculations,7 showing that in this process the
minimum cross section of the contact can be that correspond-
ing to a single atom. Some reports have claimed2,4,5 that the
observed first conductance steps, including that of the JC, are
due to a purely geometrical change of cross section when the
neck connecting the electrodes is elongated or contracted.8

That is analogous to the well-known conductance quantiza-
tion effect appearing in the gate formed at a microcontact in
a two-dimensional gas.9 Other theoretical and experimental
reports1 suggest, however, an interpretation that takes into
account the electronic nature of the atom forming the neck.
In this paper we address these questions, for which we have
made a study of the JC and JT processes, for several metals,
Au, Pt, and Ni, both experimentally and theoretically. Ex-
perimentally, we have identified and measured the first con-
ductance step for these metals, while theoretically we have
concentrated our discussion on elucidating the role played in
this conductance step by thed orbitals; this problem is also
relevant for understanding how these orbitals affect the tun-
neling current.10

II. EXPERIMENTAL DATA

Measurements have been performed using a STM at 4.2
K, both in He gas atmosphere and in high vacuum. Tips and
samples used in these experiments were obtained from high-
quality polycrystalline materials.11

The curves of conductance versus tip-to-sample distance
were made by measuring the currentI as a function of the

z-piezo displacement. Bias voltage is kept fixed at values
ranging typically from 10 to 100-mV, and the STM feedback
is switched off. For our setup the total cable-shunt resistance
is about 2V.

We studied areas of the sample for which clear and repro-
ducible topographical images were obtained. Once the ex-
perimental area was selected, we collected for our analysis
only curves for which high apparent barrier heights (;3 eV!
were found. These barrier heights are characteristic of clean
spots.12

The initial tip-to-sample distance corresponds to the stan-
dard topographical mode, with tunneling resistances in the
range 10–100 MV. Then the feedback loop is switched off,
thez piezo is moved cyclically with an amplitude between 5
and 10 Å, and the current versus displacement curves are
measured. Both the amplitude and thez-piezo offset can be
changed; a typical curve covers 4–5 Å in the tunneling re-
gime and 4–6 Å in contact, showing a few conductance
steps. These curves are visualized also at real time in an
oscilloscope.

As commented above, our discussion will be centered on
the process of formation and break of the contact. At room
temperature, and due to the high atomic mobility, once the
contact is broken, both electrodes suffer restructurings in
their apexes, making it difficult to enter in register in the
following JC approach. At liquid-helium temperature it is
possible, however, to go backward and forward in successive
formation and break the contact,13 always keeping the inter-
face in similar conditions. This is shown dramatically in Fig.
1, where the conductance of the point contact is measured as
a function of the tip displacement in the JC and the JT re-
gimes for Au. Other experimental facts, such as the thermal
and piezoelectric creep reduction, make low-temperature
conditions the appropriate ones for the experiments carried
out in this work. Accordingly, the results presented in this
paper have been collected at 4.2 K.

Figure 1 shows typical data for JC and JT processes.
From these figures we have obtained the statistics of the first
conductance step shown in Fig. 2. These curves have been
deduced from several hundreds of measurements similar to
the ones shown in Fig. 1. The statistics of these curves are
calculated from the values of the conductance along the pla-
teau of the first conductance step, with an appropriate factor
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that gives identical weight to each individual measurement.
As can be observed from Fig. 2 the behavior of Au, Ni,

and Pt is qualitatively different. Nickel shows for JC and JT
a distribution of values with several peaks between one and

two quanta of conductanceG0 (G052e2/h). For JC there is
a peak near 3G0 , which is not observed in JT. Pt shows a
behavior similar to that observed for Ni, although the con-
ductance distribution for JC and JT peaks betweenG0 and
2G0 and extends continuously to values larger than 2G0 .
Also a separated peak for JC appears near 4G0 . In contra-
position to the transition metals reported here, Au presents a
similar behavior for JC and JT, showing a peak close to~but
slightly below! G0 .

III. THEORETICAL MODEL

Our theoretical analysis will concentrate on the case of
single-atom contact between the tip and the sample. Our
main interest is to understand the effect that thed orbitals
may have in the junction conductance. In this regard, instead
of attempting a full molecular mechanics calculation, we
have considered differenta priori geometries that try to
simulate the interface created along the JC and JT processes.
As previous theoretical results14 have shown, the conduc-
tance of a small contact depends mainly on the electronic
and geometrical properties of the small neck formed around
the center of the contact; accordingly we have modeled the
atomic contact by introducing the geometries of Fig. 3,
where a single atom is at the center of a small cluster having
a threefold or a fourfold geometry@Figs. 3~a! and 3~b!#; also
a contact of two atoms is introduced as shown in Fig. 3~c!. In
all these cases, the small clusters are joined to Bethe
lattices15 that model the electronic structure of the tip and the
sample. The hypothesis that different geometries can take
place for the same system is supported by the dispersion of
experimental values of the conductance corresponding to the
JC and the JT contacts in different materials~Fig. 2!. Our
study aims to give an explanation of these experimental data
based on the possible different geometries of the tip apex.

The point contact conductance is calculated using a tight-

FIG. 1. Three conductances vsz-piezo displacement curves ob-
tained on the same surface spot at 4.2 K for Au.

FIG. 2. Conductance values obtained from the first step just
after the JT and before the JC~see Fig. 1!. We have separated the
JT ~right side of the figure! from the JC~left side of the figure! in
the statistics. The data are for Au~a!, Ni ~b!, and Pt~c!. We have
also presented our theoretical results:h, atomic configuration of
Fig. 3~a!, 1, 3~b!; ands, 3~c!, for d5d0 (d0 is the metal nearest-
neighbor distance!.

FIG. 3. Different geometries used to simulate the tip-sample
interface in the JT and JC processes;~a! fourfold symmetry;~b!
threefold symmetry;~c! contact of two equivalent atoms links the
tip and the sample. Bethe lattices are used to simulated the tip and
the sample density of states.
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binding model16 described by the following Hamiltonian:

Ĥ5ĤT1ĤS1Ĥ int , ~1!

whereĤT and ĤS are the tip and sample Hamiltonians, re-
spectively,

ĤT5(
i ,s

Eini ,s1 (
j ,i ,s

Ti , j~ci ,s
† cj ,s1cj ,s

† ci ,s!, ~2!

ĤS5(
a,s

Ean̂a,s1 (
a,b,s

Ta,b~ca,s
† cb,s1cb,s

† ca,s! ~3!

and Ĥ int defines the tip-sample coupling:

Ĥ int5 (
a,i ,s

Ta,i~ci ,s
† ca,s1ca,s

† ci ,s!. ~4!

As discussed in previous papers,17 Keldysh method18,19

allows us to calculate nonequilibrium Green functions and,
in particular, the tunneling currentI between the tip and the
sample. This theoretical analysis yields the following
result:16
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wheref is the Fermi distribution function for each side of the
interface, and

Dk,i
A 5Fdk,i2 (
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in these equationsGA(0) andGR(0) refer to the advanced and
retarded Green functions of the uncoupled system~with
Ta,i50). Equation~5! defines the total tunneling current as a
function of Ti ,a and the electronic properties of the un-
coupled tip and sample. For a small bias we can write

G5
I

V
5
4pe2

\ (
a,b,g,i , j ,k

Ti ,ara,b
~0! Db,g

R Tg, jr j ,k
~0!Dk,i

A . ~8!

This is the basic equation we are going to use to calculate
the conductance of different tip-sample geometries. In our
theoretical approach we have several orbitals per site. Typi-
cally we takes, p, andd orbitals associated with thes, p,
andd bands of the metal we are considering. This means that
the Green functionsGA(0) andGR(0) have (9n39n) compo-
nents, wheren is the number of atomic sites considered for
each tip or sample cluster: notice that in our specific calcu-
lations, the Bethe lattices are projected onto the atoms form-
ing the clusters shown in Fig. 3. We have assumed that for
the investigated geometries all the tight-binding parameters
coincide with the ones proposed for the metal bulk20 if d, see
Fig. 3, is taken equal to the nearest-neighbor distance of the
crystal,d0 . Notice that for this particular case, the environ-
ment of each atom is very similar to the one found in the

bulk; then, we can expect the atom-atom distance near the
interface to be very close tod0 . As a further step, we have
changedd by 610% and modified accordingly the hopping
interactions between the different orbitals using Harrison’s
parametrization.21 These changes can be interpreted as due to
the stress introduced at the junction by the deformation pro-
cess. One can describe this approach as a crude one-degree-
of-freedom deformation of the interface that is introduced
around the neck of the contact.

IV. DISCUSSION

Our calculated conductances for the three different geom-
etries of Fig. 3 are given in Table I as function of distance
d. In the same table, we also show the conductances calcu-
lated by neglecting the tunneling currents through thed or-
bitals. Our results yield an ordering of the three metals with
respect to their conductances, in agreement with the se-
quence obtained for the experimental peaks. So, Au always
has the smallest conductance, while Ni and Pt are clearly
above it. If we fix the tip-sample geometry, Pt has a higher
conductance than Ni for the three considered configurations.
The smaller conductance in Au is a particular case illustrat-
ing the difference between noble and transition metals. The
former one has nod orbitals at the Fermi level, and therefore
conduction takes place mainly throughs orbitals. On the
other hand, transition metals have somed channels available,
because those orbitals cross the Fermi level, increasing the
conductance. For ans model of the tip it has been proved17

that the maximum contact conductance isG0 . We argue that
noble metals present a first conductance step of aroundG0
for those reasons, while transition metals have, as a rule,
more than one quantum for the first jump: in our calcula-
tions, the maximum conductance for Pt and Ni appears for
the geometry of Fig. 3~a! with an ;8% reduction of the
ideal distanced, and its value is close to 3G0 ~other
experiments1,2 with Al and Na also show a first jump smaller
than G0 , which corroborates our prediction!. This is also
ilustrated by the conductances shown in Table I, when the
tunneling currents through thed orbitals are taken to be zero.
In all the cases considered,G is smaller thanG0 when the
d orbitals do not contribute.

It is also interesting to mention that at long distances the
tunneling current is controlled only by thes/p orbitals. This
has been shown to be the case in an independent paper,22

where the tunneling region between a Ni tip and a Ni surface
has been analyzed. Notice that in the tunneling region, the
hopping parameters decrease exponentially with distance, at
variance with Harrison’s law, which applies to distances
close tod0 .

Regarding the different structures that can appear at the
junction and their different contributions to the conductance,
we obtain theoretically a large dispersion for Ni and Pt, and
clearly a smaller one for Au. This also agrees with the ex-
perimental evidence found for Ni and Pt, cases showing a
larger dispersion than Au.

Considering the geometries of Fig. 3 we argue based on
simple mechanical stability arguments that, while the struc-
tures drawn in Figs. 3~a! and 3~b! are likely to appear in
both the JC and JT processes, the structure 3~c! is more
likely to appear in the pulling process. This suggests that
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during the JT process, geometries yielding a smaller conduc-
tance can be formed. Some support for this suggestion is also
provided by our experimental data~Fig. 2!, since for the JT
process the conductance shows systematically a smaller
value than for the JC jump.

V. CONCLUSIONS

The experimental data presented in this paper show the
important differences that appear between the conductances
of the single-atom junctions formed by Au, Ni, and Pt at 4.2
K. Our theoretical analysis, based on a linear combination of
atomic orbitals approach, shows that these differences can be
explained by the electronic properties of the atoms forming
the junction. Thus, we find that the first conductance step can
be interpreted as an effect due to the electronic nature of the
atom forming the neck. In particular we have shown that the
relatively large conductance, appearing for transition metals
such as Ni and Pt, is mainly due to the different channels
afforded by thed orbitals. Because of this multichannel pro-
cess, the total conductance of the single-atom junction
formed by transition metals might reach values higher than

G0 ranging betweenG0 and 3G0 . For the Au junction,d
bands are located deeply below the Fermi level and the con-
duction process occurs practically only throughs orbitals
~contribution of thep orbitals, located above the Fermi level,
gives only about 10–20 % of the total conductance, depend-
ing on the geometry of the contact!. This quasi-single-
channel conductance leads to a considerably lower value of
the total conductance, which should be not larger~within
10–20 % of accuracy! thanG0 . In our investigation we have
obtained good agreement between the experimental and
theoretical results. The set of the numerical results, obtained
for Au, Ni, and Pt, is ordered like the data given by the STM
measurements, and also the values of the conductance, cal-
culated for the particular metals, are in good correspondence
with the experimental data.
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